Socially structured human movement shapes dengue transmission despite the diffusive effect of mosquito dispersal  by Reiner, Robert C. et al.
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For  sexually  and  directly  transmitted  infectious  diseases,  social  connections  inﬂuence  transmission
because  they  determine  contact  between  individuals.  For  pathogens  that  are  indirectly  transmitted  by
arthropod  vectors,  the movement  of the  vectors  is thought  to  diminish  the  role  of  social  connections.
Results  from  a recent  study  of  mosquito-borne  dengue  virus  (DENV),  however,  indicate  that  human
movement  alone  can  explain  signiﬁcant  spatial  variation  in  urban  transmission  rates.  Because  move-
ment  patterns  are  structured  by social  ties,  this  result  suggests  that social  proximity  may  be a  good
predictor  of infection  risk  for DENV  and other  pathogens  transmitted  by the  mosquito  Aedes  aegypti.
Here  we  investigated  the  effect  of  socially  structured  movement  on DENV  transmission  using  a  spatially
explicit,  agent-based  transmission  model.  When  individual  movements  overlap  to  a high  degree  within
social  groups  we  were  able  to recreate  infection  patterns  similar  to  those  detected  in dengue-endemic,
northeastern  Peru.  Our  results  are  consistent  with  the hypothesis  that  social  proximity  drives  ﬁne-scale
heterogeneity  in DENV  transmission  rates,  a  result  that  was  robust  to the  inﬂuence  of  mosquito  dispersal.
This  heterogeneity  in  transmission  caused  by socially  structured  movements  appeared  to  be hidden  by
the  diffusive  effect  of mosquito  dispersal  in aggregated  infection  dynamics,  which  implies  this  hetero-
geneity  could  be present  and  active  in real dengue  systems  without  being  easily  noticed.  Accounting  for
socially  determined,  overlapping  human  movements  could  substantially  improve  the  efﬁciency  and  efﬁ-
cacy  of  dengue  surveillance  and  disease  prevention  programs  as  well  as result  in  more  accurate  estimates
of  important  epidemiological  quantities,  such  as  R0.
© 2013  The  Authors.  Published  by  Elsevier  B.V. Open access under the CC BY-NC-ND license.ntroduction
Social connections between people play an important role in
he spatial spread of many infectious diseases because individ-
als familiar with each other are more likely to come into contact
ithin the narrow spatial and temporal windows often needed for
athogen transmission to occur. Exactly how social connections
hape the spatial spread of a pathogen depends, in part, on the
ode of transmission. For example, spatial propagation of sexually
ransmitted diseases (STDs) is achieved almost exclusively through
ocial connections. When observed geographically, STD infections
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Open access under the CC BY-NC-might appear to be randomly distributed across a city due to the
small number of links needed to connect any two randomly chosen
individuals (Watts and Strogatz, 1998). Alternatively, John Snow’s
famous ‘ghost map’ of the 1854 outbreak of indirectly transmitted
cholera in London showed that infections were so geographically
localized he was able to identify the exact source of exposure (Snow,
1855). Social connections in the case of this water-borne disease
thus played a relatively minor role in its spread. Mosquito-borne
pathogens, like malaria and dengue, have historically been treated
more like cholera than an STD because of the presence and impact
of the mosquito in the transmission cycle (Johnson, 2008; Bousema
et al., 2012; Schærström, 1996). The standard view is that each
infected human host is a spatially ﬁxed pathogen source, with sub-
sequent infections localized to that source on the scale of mosquito
dispersal. When mosquito dispersal occurs on the same spatial
scale as human movement, which is a reasonable assumption for
malaria, it is difﬁcult to test this concept and parse apart the rel-
ative roles of mosquito and human movement in ﬁne-scale, local
transmission. For dengue virus (DENV), whose primary mosquito
ND license.
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Fig. 1. The social proximity hypothesis. (a) As an illustration, we place 18 houses
into  3 social groups: members of the same social group as the central home (blue
houses), homes of acquaintances (i.e., infrequently visited homes, purple houses)
and  houses not visited by members of the central home (green houses). Blue arrows
indicate houses visited in a given time interval by residents of the central home.
Red  arrows indicate houses within the dispersal range of mosquitoes living within
the central home. (b) Given a household with an infectious mosquito, the people at
greatest risk of infection there are family and friends (i.e., same social group). People
more socially distant from the household, i.e., acquaintances, are less likely to visit
the infested house and so their risk of infection is smaller. Thus, as social distance
between  people increases, the probability they will overlap somewhere mosquitoesR.C. Reiner Jr. et al. / 
ector, Aedes aegypti, is known to be relatively sedentary and prone
o disperse only short distances (e.g., <100 m,  (Gubler and Kuno,
997; Harrington et al., 2005; Getis et al., 2003)), recent empiri-
al evidence (Stoddard et al., 2013) strongly suggests that human
ovement drives ﬁne-scale, spatial transmission. Thus there is the
otential that, similar to sexually and directly transmitted diseases
May, 2006), social connections will inﬂuence the spatiotemporal
ynamics of dengue because members of social groups will often
isit the same places where mosquitoes reside.
Dengue is a mosquito-borne disease common in the tropics and
ub-tropics that is caused by infection with any of four distinct,
ut closely related, virus serotypes that are transmitted primarily
y Ae. aegypti. Aedes aegypti lives in and around human dwellings
nd bites during the day. Adults disperse by ﬂying typically short
istances and may  have difﬁculty navigating through urban land-
capes (Harrington et al., 2005; Hemme  et al., 2010; Scott et al.,
000a,b; Getis et al., 2003). Because of these features, patterns
f human movement—especially in the large urban populations
here dengue is prevalent—play a potentially large role in virus
pread and persistence (Stoddard et al., 2009; Wen  et al., 2012;
admanabha et al., 2012; Teurlai et al., 2012; Mondini et al., 2009;
armak et al., 2011; Vazquez-Prokopec et al., 2010). Variation in
uman movements patterns, however, are almost never incorpo-
ated in mathematical models of vector-borne diseases (Reiner
t al., 2013). The vast majority of these models assume a ‘well-
ixed’ human population, where each individual is equally likely
o encounter every other individual and every mosquito. In real-
ty, individuals vary considerably in the frequency, distance, and
ature of their movements (González et al., 2008; Song et al.,
010; Vazquez-Prokopec et al., 2013), in ways that have impli-
ations for transmission (Perkins et al., 2013). Results from a
ecent study in Iquitos, Peru (Stoddard et al., 2013) indicate that
ndividuals infected with DENV, when compared to uninfected
ontrols, experienced greater virus exposure across locations they
isited recently, regardless of the geographical distance from their
ome (i.e., kilometers). The percent of homes recently visited by
 DENV infected person (i.e., an index case, using the vernacu-
ar of contact tracing (Ahrens and Pigeot, 2005)) where at least
ne concurrent DENV-infected individual lived (40%) was signif-
cantly higher than for homes visited by an uninfected, control
ndividual (15%). The increased rate of infection was not corre-
ated with distance from the index individuals’ home, precluding
he possibility that mosquito movement explained the observed
nfection patterns. Because there is an estimated 15–17 day delay
etween primary and secondary DENV infections due to intrin-
ic and extrinsic incubation periods (Aldstadt et al., 2012), other
oncurrently observed infections must have occurred around the
ame time as the DENV infected index person that initiated the
ontact cluster investigation. Thus, people who lived in houses
onnected by the movements of an infected individual shared
n elevated risk of DENV infection with the index. The relative
ize of this elevated risk, when compared to neighborhood-wide
nfection rates, was too large to be explained due to coinciden-
al infections across multiple locations within the neighborhood or
ity.
An explanation for why infection risk is elevated in households
isited by a DENV infected individual concerns social, not geo-
raphic, proximity (Fig. 1). The houses a person spends time in
ended to be their own and those of friends and family (Fig. 1a). By
xtension, the people living in those places were socially connected.
hus, we expect members of social groups to overlap in their move-
ents, frequently visiting many of the same places; e.g., they go tohe house of a grandmother, uncle or friend or those people come to
heir home. Individual risk of infection in a given house would then
orrelate with social proximity to the residents (Fig. 1b). The obser-
ation of multiple concurrent infections across connected housesare  present diminishes. This reduces the risk of infection until it equals the risk due
entirely to an infectious mosquito traversing the distance between the two houses
(dashed red line).(Stoddard et al., 2013) could then arise via two, non-exclusive, pro-
cesses: (1) approximately two  weeks before the index became ill,
an infective individual visited and infected mosquitoes in many
of the same houses the DENV infected index person subsequently
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pent time in and/or (2) individuals living in houses used by the
ndex person congregated recently at and were infected in the same
ouse where the index was infected. On a population level, social
onnections would thus structure patterns of individual human
ovement and DENV spread.
The importance of socially structured movement for pathogen
ransmission has been well studied for directly transmitted dis-
ases (Salathé and Jones, 2010; Salathé et al., 2010; Danon et al.,
009; Keeling et al., 2010), but not for indirectly transmitted,
osquito-borne diseases. An important distinction of the lat-
er is that both mosquito and human movement will contribute
o pathogen transmission at ﬁne spatial and temporal scales.
osquitoes may  disperse to houses that are geographically close
Fig. 1a). Conversely, people are most likely to visit houses that are
ocially close, which can be nearby or far away (Fig. 1a). Though the
ata from Iquitos are consistent with the social proximity hypothe-
is for DENV spread (Fig. 1), we do not know how much movements
o overlap nor to what extent social connections actually inﬂu-
nce transmission dynamics. Here we tested the feasibility of the
ocial proximity hypothesis with the following three assumptions
n mind. First, socially driven, overlapping human movement is
ecessary to recreate observed DENV infection patterns. Second,
iffusive mosquito movement weakens the impact of structured
ocial movement. Third, the level of structured movement required
o overcome diffusive mosquito movement and recreate observed
nfection patterns is not so strong that it is epidemiologically
mpossible given the rates of known ongoing, endemic transmis-
ion. To assess these assumptions of the social proximity hypothesis
e constructed a spatially explicit, agent-based DENV transmission
odel. By varying the extent to which individual movements are
eﬁned by social connections or restricted to the households of
heir social group and tuning the level of mosquito dispersal, we
nvestigated the consequences of overlapping human movement
n DENV transmission dynamics across ﬁne and aggregated spatial
cales and the inﬂuence of mosquito movement on the impact of
tructured human movements.
ethods
Our base agent-based model (ABM) simpliﬁed several com-
onents of DENV transmission dynamics to focus on how the
ocial structuring of human movement affects virus transmission
denoted Scenario 1, see Appendix 1 for a detailed description
f the model R code for the ABM is attached as Appendix 3 and
 maintained version is available at http://github.com/bcreiner/
ocially  structured). Of primary importance to our objectives is the
xtent of movement overlap among different individuals, speciﬁ-
ally, how much time do different individuals spend in the same
ouses, be it their own or someone else’s. We  started by simulating
 grid of 400 houses with six residents each, to be consistent with
he average household size in Iquitos (Stoddard et al., 2013). We
hen randomly assigned houses into social groups and, for every
ember of every house, we dictated how many of the houses they
isited came from within their social group and how many came
t random from the rest of the available houses (i.e., outside their
ocial group). We  set the number of houses within each social
roup at 6 and the number of houses each individual could visit
excluding their own) at 5, which is within the range of values
bserved in Iquitos (Stoddard et al., 2013; Vazquez-Prokopec et al.,
013).
We  considered two additional simulation scenarios in which
e altered our assumptions on household size and human move-
ent (see SI). In Scenario 2, instead of using the mean number
f residents for each home from previous studies, we used the
tted negative binomial distribution ( = 6.2,  = 9.07, (Stoddard
t al., 2013)). By drawing the household size of each home fromics 6 (2014) 30–36
this distribution we allowed some homes to be sparsely populated
while others were crowded, matching observations from Iquitos.
In Scenario 3, based on data from the initial cluster study (Stoddard
et al., 2013), we  noted that 15% of the population said that they
had not left their home for any substantial period of time during
the outbreak. Keeping 85% of the population’s movements as in
the original scenario, in Scenario 3 we  forced 15% of the population
to never leave their home.
We  deﬁned the number of homes an individual visits (excluding
their own) within their social group as . At larger values of , we
considered movements to be more socially structured because indi-
viduals would spend their time largely at houses within their social
group (e.g., at  = 5 social groups are completely disconnected). By
varying  from 0 to 5, we  thus assessed the relative consequences of
different levels of structure in movement patterns for virus trans-
mission (illustrated for  = 0, 3 and 5 in Fig. S1). We also considered
the effect of mosquito movement in our models by varying the
extent of dispersal among adjacent houses. Note that in the absence
of mosquito dispersal and at  = 5, transmission quickly died out
within infested groups because the virus could not move from one
group to another and susceptible individuals are rapidly eliminated.
Due to the briefness of the outbreaks, we did not consider scenarios
where the visits outside the social group changed throughout the
outbreak, though over longer endemic transmission, these types of
changes in movement patterns may  be important.
We considered a third alteration of our base approach that ques-
tioned the importance of having mosquito movements limited to
the nearest neighbors (see Appendix 2 for full description). Based
on results from a study of mosquito populations in Iquitos, that
adult mosquitoes clustered at distances as far as 30 m from a house
((Getis et al., 2003)), we  modiﬁed the basic model with mosquitoes
moving to the nearest neighbors and two  houses away from the
location of the mosquito’s blood meal. We  refer to this as Scenario
4. Finally, combining all the variations away from the base model
together into a single set of simulations, Scenario 5 allowed for
heterogeneous household size (Scenario 2), heterogeneous human
movement (Scenario 3) and extended mosquito movement (Sce-
nario 4).
The  two  important statistics from the Iquitos contact cluster
study (Stoddard et al., 2013) that instigated this investigation were
the infestation rates in the homes visited by an individual with an
acute DENV infection versus the homes visited by an individual
who had fever, but not DENV (as deﬁned in Stoddard et al. (2013),
infestation rate was the percent of homes an individual visited that
had at least one active DENV infection). We  tracked these quanti-
ties in our simulation studies (See Appendix 1), which we formally
deﬁned as: (1) the infestation rate of homes visited by a DENV pos-
itive individual (denoted +) and (2) the infestation rate of homes
visited by an individual with fever but not DENV (denoted −). Our
goal was  to identify if and when socially structured movements
in our simulations would generate the variation in transmission
rates that was observed in the Iquitos ﬁeld study; i.e., + = 40% and
− = 15% (15% is quite a high background rate of infestation and is
likely due to the study occurring during the ﬁrst 2 years of a novel
serotype’s invasion into Iquitos).
To account for variation, we  sampled different clusters within
the population several times throughout periods when transmis-
sion was occurring (for complete details, see Appendix A.1.10). Due
to a lack of seasonal forcing, when there was no overlap ( = 0),
transmission tended to end after more than 95% of the popula-
tion was  exposed. In Iquitos, at the end of the study the percent
of the population that was  susceptible was  approximately 25%
(Stoddard et al., 2013). Consequently, we  sampled the population
every time the percent susceptible dropped by 5%, but stopped once
the population dropped to 25% susceptible. For each simulation, we
computed statistics based on the similarity of simulation results to
R.C. Reiner Jr. et al. / Epidem
Fig. 2. Pattern matching (+ and −) of simulation results. (a) Left panel: Values of
+ (top, red surface, the percent of homes in a DENV positive cluster that contained
at  least one concurrently infectious person) and − (bottom, dark blue surface, the
percent of homes in a DENV negative cluster that contained at least one concurrently
infectious  person) across different values of mosquito movement and  (the number
of homes and individual visits, excluding their own, that come from their social
group). The empirical values observed in Iquitos are given by the orange and light
blue surfaces for the DENV positive and DENV negative clusters, respectively. (b)
Right panel: The dark red and dark blue lines indicate where the simulated surfaces
intersect with the empirically observed values for DENV positive and DENV negative
clusters respectively. To incorporate some uncertainty in the empirically observed
values, we found what values of mosquito movement and  corresponded with
simulated values “close” to those observed in Iquitos (where close is within 2.5%).
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the purple shaded region corresponds to combinations of mosquito movement and
 that closely approximated the empirical patterns found in Iquitos.
eld data from Iquitos (denoted ˆ+ and ˆ−). By running simula-
ions 300 times for every combination of  and level of mosquito
ovement, and taking the average of ˆ+ and ˆ−, we created a set
f quantities for each scenario: + and −.esults
When  = 0 there was no structure to human movement pat-
erns (i.e., people moved randomly) and thus, as expected, thereics 6 (2014) 30–36 33
was no discernible difference between + and −; both were equal
to 25%. Our hypothesis predicts that as  increases, the difference
between + and − should grow, and that ultimately there should
be a  such that + = 40% and − = 15%. For  ≤ 3 there was a
minimal difference between + and −. For  = 4, the target values
were achieved, but only in unrealistic scenarios without mosquito
movement (Fig. 2a, with mosquito movement at 0%).
Mosquito movement predictably diminished the relative effect
of the strength of structure in human movement and for any level of
, increased mosquito movement forced + and − closer together.
To allow for mosquito dispersal, but still test our ﬁrst assump-
tion that overlapping human movement is necessary to recreate
observed dengue transmission patterns, we  were forced to alter
the movement algorithms to allow for a stronger level of overlap
without needing to set  = 5. The latter resulted in each social group
effectively becoming an island. We  therefore allowed a percent-
age of the members in a social group to limit the locations they
visited to their social group. The remaining group members had
one of the houses they visited come from homes outside of their
social group, thus allowing  to take intermediate values between
4 and 5. If  = 4.5 then 50% of all people visited only homes within
their social group, and 50% visited one home outside their social
group.
For values of  between 4 and 5 by increments of 0.1, resulting
values of + and − are summarized by the two surfaces in Fig. 2a.
For larger values of , a correspondingly higher level of mosquito
movement resulted in + and − values similar to empirical results.
Including a small amount of uncertainty in the empirical estimates
of + and − (Fig. 2b), we found that a small range of mosquito
movement values—for any value of —resulted in outcomes that
were similar to those observed empirically. A large amount of
mosquito movement eliminated any substantial differences in +
and − values. Our results, therefore, may  appear to be more sen-
sitive to mosquito movement than human movement structure as
we deﬁned it. It should be noted, however, that Fig. 2a and b only
display a limited range of , because when  was less than 4, +
and − were both between the surfaces representing the empiri-
cal infection patterns observed in Iquitos. As  approached 5, any
level of reality in the simulations was lost and + approached 1. In
those cases almost every simulation, independent of the amount of
mosquito movement, resulted in the transmission dying out due to
localized virus fade out driven by rapidly increasing herd immunity
within infested social groups.
Our  results indicate that socially structured movements can
strongly inﬂuence + and − and that mosquito movement weak-
ens this inﬂuence consistent with our ﬁrst two  assumptions. The
strength of the structure required to achieve this result, how-
ever, was high and bordered on levels that would not allow
transmission to persist. As such, our third assumption may  not
have been supported. The observed structure may have left a
strong and noticeable signature on the spatially aggregated time-
series of new infections. For example, if the group structure
was such that infections essentially jumped, in sequence, from
one social group to the next, transmission would not reach
the level of an outbreak. Instead, there would be a constant
low level of transmission; a pattern that was not observed in
Iquitos.
To determine the effect of structure in human movement on
infection frequency through time, in Fig. 3 we plotted the median
DENV incidence curves for the simulations in Fig. 2 based on a 0%
mosquito movement (Fig. 3a) and 44% risk of mosquito movement
to adjacent houses (Fig. 3b). When no mosquitoes moved, there
were clear signatures of structured human movement. In partic-
ular, when  was  high (e.g.  = 4.9), outbreaks were delayed and
of a smaller overall size. These signatures of structured human
movement disappeared, however, when mosquito movement was
34 R.C. Reiner Jr. et al. / Epidemics 6 (2014) 30–36
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Fig. 3. Hidden heterogeneity. (a) 5th percentile (left panel), median (middle panel) and 95th percentile (right panel) for weekly incidence curves of DENV for different
simulation scenarios with no mosquito movement. The percent of people that visited a home outside their social group varies from 10% (dark red, corresponding to  = 4.9)
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ho  100% (dark green, corresponding to  = 4). (b) 5th percentile (left panel), median 
ifferent simulation scenarios (holding mosquito movement constant at 44%). The p
orresponding to  = 4.9) to 100% (dark green, corresponding to  = 4).
ncorporated (Fig. 3b). In contrast to the effect on + and −, socially
tructured movements had no discernible effect on the timing and
agnitude of peaks in DENV incidence in all plausible scenar-
os; i.e., those where the mosquito was allowed to move (Figs. 3b
nd S2b–i). Thus, a posteriori, if one tracks infections only at the
ggregated, city level, the heterogeneity in transmission driven
y socially structured movements is undetectable, constituting a
hidden heterogeneity.”
We  repeated the same analyses for Scenarios 2–5 (for complete
etails, see Appendix A.2). In each case, the same patterns emerged.
amely, the level of structured human movement required was
igh and the empirical patterns were only recreated in scenar-
os where there was a small amount of mosquito movement.
hen mosquitoes dispersed more frequently, the household sizes
aried, or when there was  limited social movement, there was
o discernible difference between the infestation rates of houses
isited by DENV positive individuals when compared to houses
isited by febrile controls (Figs. S3, S5, S7 and S9). Further, in
ach scenario, when the incidence data was aggregated on a week
ime-scale, there was a clear inﬂuence of human movement struc-
ure on the epidemic curve when mosquitoes were not allowed to
ove. As mosquito movement was incorporated in realistic wayshe aggregated epidemic curves became insensitive to how much
uman movement was socially structured, although the spatial
eterogeneity in transmission rates remained high, i.e., a “hidden
eterogeneity” (Figs. S4, S6, S8 and S10).le panel) and 95th percentile (right panel) for weekly incidence curves of DENV for
t of people that visited a home outside their social group varies from 10% (dark red,
Discussion
We  conducted 5 separate simulation experiments designed
to explore how and when overlapping human movements could
drive ﬁne-scale heterogeneity in mosquito-borne DENV transmis-
sion. Our base scenario highlights that the amount of overlap in
movements within social groups must be signiﬁcant to generate
the same levels of heterogeneity in transmission rates as those
observed in Iquitos, Peru. Importantly, mosquito movement pre-
dictably tends to diffuse the effect, necessitating more overlap to
recreate the patterns. Subsequent simulation experiments incor-
porating more detail with respect to household size, individual
movement patterns and mosquito movement all recapitulate the
main results of the original experiment, strengthening our con-
clusions that socially driven, overlapping movement likely plays
an important role in structuring the spread of DENV through
a human population. This indicates that dengue exhibits prop-
erties of directly transmitted diseases, in that social proximity
drives infection risk. In contrast to other infectious diseases, the
presence of a diffusive mosquito vector, even one with mini-
mal dispersal tendencies, strongly inﬂuences spatially aggregated
transmission dynamics, hiding the signature of structured human
movement.
Social structure, such as overlapping human movement within
subsets of the population, has been extensively investigated in
directly transmitted pathogen systems, such as inﬂuenza (Watts
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nd Strogatz, 1998; Eubank et al., 2004; Keeling, 1999; Keeling
nd Eames, 2005; Mossong et al., 2008). When contacts interact
ith each other directly and there is no distinction between a con-
act visiting and a contact being visited (i.e., no directionality to
nteractions, indicating a symmetric contact network), the con-
ept of communities is analogous to overlapping social movement
Radicchi et al., 2004; Girvan and Newman, 2002). Communities are
ubsets of people who have more connections with other members
f their community than with the outside world.
The strength of communities within a population can affect
ransmission dynamics (Salathé and Jones, 2010; Salathé et al.,
010; Keeling et al., 2010) and, thus, optimization of control strate-
ies (Salathé and Jones, 2010). While it may  be impractical to
mplement in practice over large populations, knowledge of a DENV
nfected person’s social group (via contact tracing) could improve
etrospective control efforts such as targeted indoor insecticide
praying. At the very least, the presence and importance of socially
tructured human movement in DENV transmission helps explain
he poor performance of some retrospective control efforts, like tar-
eted insecticide spraying only in the immediate vicinity (≤100 m)
f the home of people with clinically apparent DENV infections
Scott and Morrison, 2010). Understanding how the impact of
ocially structured movement varies across different context (e.g.,
ural versus urban) requires additional study.
Based on our results, there are at least four reasons to expect
hat prospective control efforts will be strongly affected by socially
tructured human movement. First, testing the effect size of con-
rol efforts will be confounded by overlapping movements. For
xample, control strategies are often initiated in one neighborhood,
hile another neighborhood is kept uncontrolled for the purposes
f comparison (Wolbers et al., 2012). If, however, social groups in
he population signiﬁcantly bridge the two neighborhoods (social
roups based on host-to-host interaction, not spatial associations),
hen the results of the study would be compromised by contamina-
ion of treatment and control groups. Second, a common difﬁculty
n assessing the effect of a control effort is that it is seldom clear
f the observed effect is due to the treatment or due to some
naccounted for confounding variable or the random chance that
ENV transmission occurred in one area, but not another. In con-
exts where DENV transmission dynamics are dominated by social
roximity, relative to geographic proximity, treated and untreated
roups should be based on social grouping. By placing both groups
n the same general geographic area, one can control for geographic
isk. Third, by combining knowledge of the strength of the social
tructure of human movement with entomological surveys, a more
ccurate understanding of individual time at risk versus time under
rotection could be made. This would be important new informa-
ion for calculating a more precise (and continuous) quantiﬁcation
f the effect size of the control effort. Fourth, as availability of a
icensed dengue vaccine approaches (Sabchareon et al., 2012), the
ncorporation of social groups into the models used to compute
accine delivery strategies will support more efﬁcient vaccination
ampaigns. This concept has already been reported for socially
tructured human movement and directly transmitted infectious
iseases (Salathé and Jones, 2010).
Our agent-based modeling approach has strengths and
eaknesses. On one hand, linking ﬁne-scale spatiotemporal het-
rogeneity to underlying processes is beyond the capabilities of
imple compartmental models. For us, the need to track the similar-
ty and dissimilarity of movements of residents of the same homes
nd the same neighborhoods necessitated an approach that was
ased on the individual. On the other hand, agent-based models
an quickly become complex as more and more realistic pro-
esses and parameters are incorporated. Because we  were primarily
nterested in the potential impact of overlapping social move-
ent on transmission dynamics, we incorporated more complexityics 6 (2014) 30–36 35
regarding  movement while retaining simplicity in other aspects of
the model. Our model did not incorporate fully realistic mosquito-
borne disease ecology. Nor did it allow for heterogeneity in larval
development site abundance and we  did not incorporate season-
ality. Dengue virus transmission is extremely complex and fully
recreating all aspects, even on the scale of a 400-house neighbor-
hood, is computationally prohibitive. By using agent-based models,
however, we  were able to incorporate complex human movement
structure into a dengue model that we  feel adequately treats the
other components of transmission in order to assess the plausibility
of our hypothesis.
Our  results indicate that when even a small amount of
mosquito movement is incorporated into transmission simulations,
the impact of structured human movement becomes hidden in
aggregated transmission dynamics. This emphasizes an important
difference between directly transmitted diseases and mosquito-
borne dengue. Structured human movement clearly affects the
overall timing and size of an outbreak when a pathogen is only
moved around a city by people (Fig. 3a). In partial agreement
with previous standard views that mosquito movement dimin-
ished the role of human movement on transmission, even when
there is strongly structured human movement (Fig. 3b,  = 4.9), the
overall size and timing of an outbreak is essentially identical to
scenarios with less structured movement. As is evident from Fig. 2,
however, when data are collected on the correct spatio-temporal
scale (i.e., by looking within the homes an infectious person visits),
mosquito movement cannot destroy the relationships generated
by socially driven movement as measured by household infesta-
tion rates. Our results indicate that although social structure in
human movement can have a signiﬁcant effect on DENV transmis-
sion, its effect is likely a “hidden heterogeneity.” This implies that
socially structured human movement is having an important, but
often unnoticed, effect on DENV transmission not just in Iquitos,
but also in many DENV transmission contexts around the world.
Recent  empirical data indicate that it is likely that there is
overlap in human movement that underlies DENV transmission
dynamics (Stoddard et al., 2013). That data cannot, however, be
used to deduce the strength of overlap, nor the strength or size of
social groups that give rise to patterns of overlap. It is possible that
certain social groups are more likely to support DENV transmission
and ampliﬁcation than others. Dengue prevention programs could
target (or at least be sure not to miss) the most socially and epidemi-
ologically important groups with a vaccine and/or vector control.
Given the importance of both overlapping human movement and
mosquito movement, we need to develop an optimal control strat-
egy that considers both types of movement. It will be important
for intervention strategies to optimize the distribution of interven-
tions, which will require knowledge of the underlying structure
of human movement that supports virus transmission and spread.
Our simulation study is a starting point intended to test the feasibil-
ity of the social proximity hypothesis. We did not prove that social
movement is a signiﬁcant driver of DENV transmission, merely that
it is consistent with a systematic assessment of DENV transmission
dynamics and that it has the potential for important epidemiologic
impacts. Studies from an epidemiological, entomological and social
science point of view are now needed to ascertain in greater detail
how social structure of human movement is quantitatively related
to the risk of DENV infection in light of inherent variation between
different social groups.
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